A photonic crystal is a type of materials in which refractive index is periodically modulated on the scale of light wavelength, enabling it to control light, and is surprisingly widespread in nature. In designing and fabricating artificial photonic structure, nature has given us continuous inspiration. This review, starting from natural photonic structures, such as those existing in animals, plants and diatoms etc., presents a brief summary of recent progress on biomimetic and bioinspired photonic structures, including synthesis methods and potential applications.
Introduction
Photonic crystals (PCs) have been intensively studied in recent years because of their ability to control light propagation and their possible applications in optoelectronic devices, optical fibers, solar cells, LED and laser, etc. PCs have a periodic structure leading to a periodic variation in refractive index, which is responsible for the ability to control light.
Nature has perfected and formed a diversity of properties through millions of years of evolution, and photonic structures are discovered to be surprisingly widespread in nature, including animals, plants and diatoms, etc.
1−3 In nature, the materials for constructing these PC structures are often limited to typical constituents such as chitin, silica and calcium carbonate, etc. Accordingly, researches on replicating the limited constituents in natural PCs with more other functional materials and broadening their photonic properties have attracted intensive attention in past decades. 4−9 Many synthesis methods have been developed and many applications have been achieved in laboratory. And also many efforts have been made to achieve industrial production of these biomimetic and bioinspired photonic structures. This review presents a brief summary of photonic structures in nature and the methods for producing biomimetic and bioinspired photonic structures and their possible applications are also included.
Photonic structures in nature
Nature has learned and perfected to manipulate and control light through evolutionary selection since Cambrian explosion. Many properties offered by photonic structures play a very important role in courtship, pollination for angiosperms and signaling warnings to predators. [1] [2] [3] 5 The earliest researches on natural PC structures started on opal in 1960's. Since 2001, when more PC structures were identified in animals such as sea mouse Aphrodite, 10 researches on natural photonics has been accelerated and a diversity of photonic structures have been discovered with a variety of properties. 11−12 Some typical natural photonic structures were introduced as follows.
Photonic structures in animals
Photonic structures are very widespread in animals, and a diversity of photonic structures, ranging from one-dimensional (1D) structure to three-dimensional structure (3D), have been discovered in butterflies, beetles, moths, birds and fishes, etc., showing brilliant and iridescent color and properties like antireflection. The greatest diversity of natural photonic structures can be found in butterflies. 13 In a typical butterfly wing, 14 there are usually two chitin layers of scales: larger cover scales and smaller ground scales arranged alternately in rows. Every scale has two membranes ( Figure 1a) . The lower membrane is usually unstructured, while the upper membrane has a complex structure with ridges running parallel with the longer axis of the scale, the cross ribs joining them, and windows formed in between. These structures are joined to the lower membrane by vertical supports or trabeculae and the region between the trabeculae is termed as lumen. The photonic structure responsible for structural color can exist in the ridges or cross ribs, and sometimes the combination of all these structures leads to the coloration. For example, the famous brilliant-blue Morph butterfly (Figure 1b , c) has a Christmas-tree like structure located in ridges which is reported to be responsible for the brilliant color. 15 Another very important natural photonic structure is the cuticle of beetles which often show metallic surface or brilliant coloration. 12 The structures responsible for the coloration can vary from 1D to 3D structure: multilayer structure (1D), diffraction grating structure (1D or 2D) and 3D photonic structure ( Figure 2ac ). 16−20 The multilayer structure is made with thin layers of chitin, sometimes interspersed with other materials that differ in refractive index. The diffraction grating structure is nano-scale array of parallel ridges or slits that disperses. Both close-packed hexagonal lattice 18 and diamond-based lattice 20 3D photonic structures have been found in beetles. Natural photonics are designed not only for brilliant and iridescent color, but also as the role of antireflection. These structures been developed to increase the efficiency of vision and avoid unwanted reflection on the surface of insect eye. Anti-reflection structures were discovered in the corneas of moth and butterfly eyes 21−23 and in the transparent wings of hawkmoths 24 or Cicada, 7 which consists of an exactly hexagonal array of excessive cuticular protuberances (Figure 3ab ), termed corneal nipples. Besides the photonic structures discussed above, many other photonic structures in animals were also discovered, such as the iridescence in birds 11, 25 and metallic appearance caused by multilayer structures 26 in fishes, etc. Many animals remain undiscovered and the researches on PC in animals is going on.
We believe there will be many other more complex and perfect photonic structures being discovered in animals, which will give us more inspiration.
Photonic structures in plants
While widespread in animals, photonic structures in plants are not so popular and exist in petals, leaves and several fruits with a very limited photonic property such as iridescence and enhanced ultraviolet (UV) reflection. 27 The flower coloration depends not only on pigments such as anthocyanins, flavonoids and carotenoids, but also on petal anatomy generated by the epidermal cells. 28 Some flowers has petals with conical epidermal cells 29−30 and the cells have a dimension of a few tens of microns and a geometry as shown in Figure 4a . Light reflected from one cell is redirected to the neighbor cell, which enhance the interaction between light and pigment and give rise to structural color. And also the structural color varies with changes in cells geometry. 31 Structural color produced by diffraction grating 32 was also discovered in a few flowers such as Tulipa kaufmanniana, Thlipa kolpakowskiana, and Hibiscustrionum. Striations in the epidermal layer of these flowers are responsible for diffraction and lead to angle-dependent color.
Multilayer structures, which is formed by the laminations of cellulose fibrils give rise to brilliant blue, are found in leaves of some tropical rainforest understory plants. 33 Similar multilayer structure is also discovered in the fruit of Pollia condensate (Figure 4b ), which also gives rise to a blue iridescence. 
Photonic structures in diatoms
Diatoms are microscopic and unicellular algae and can be divided into two species due to the overall shape of the cell: Centrales with a central symmetry shape and the Pennales with an elongated, bilateral shape. 36−37 The characteristic feature of diatoms is the wall of the cell, usually called frustule and consisting of two equal halves that combined like a Petri dish, and each half consists of a valve and one or more girdle bands. 38 Regular array of pores in each valve and girdle is regarded as a paradigm for controlled production of nanostructured silica. 39 Both hexagonal and square array of holes ( Figure 5 ) were found existing in diatoms. 35 
Lifeless photonic structures
Opal is the most important lifeless photonic structures, which is a hydrated amorphous form of silica (SiO 2 · nH 2 O). And it is composed of silica spheres and is deposited in a hexagonal or cubic close-packed lattice at a relatively low temperature, leading to various colors.
Synthesis methods
How to replicate and copy the PC structures in nature is of great challenge. Fabrication of these biomimetic and bio-inspired photonic structures have arose considerable attention recently and various methods, including top-down method like nano-patterning and down-top methods such as bio-template, colloidal crystal template and cell culture, etc., have established.
In this section, recent progress on developing these methods is summarized.
Nano-patterning
Among nano-patterning methods, lithography is a well-developed top-down technique applied to fabricate nanostructure inspired or imitated from nature. Frankly, the conventional projection lithograph has poor resolution (0.2 to 0.5 um) because of light diffraction effect, 40 and also is limited by its high cost. Thus, some nano-lithography techniques, such as soft lithography, block copolymer lithography and electro-beam lithography etc., have been developed to overcome the problem of poor resolution. 41−44 Featured sizes less than 30 nm have been realized by block copolymer lithography, 45−46 and that as small as 3 to 5 nm can be obtained by electro-beam lithography with high incident electron energy. 43 As the intrinsic disadvantages of these techniques, it's hard to prepare a complex 3D structure. The interference lithography, which can produce 1D, 2D and 3D photonic structures, has been developed. 47−49 Siddique and co-workers 50 have succeeded to use laser interference lithography to fabricate nanostructures inspired by butterflies, by using vertical interference to create lamellae by exploiting the back reflection from the substrate and horizontal interference to pattern ridges of the hierarchical Christmas tree-like structure. In short, the lithography can obtain a diversity of nanostructures, ranging from 1D to 3D, with high quality but usually high cost due to some special instruments needed. However, lithography is very promising method for practical production due its maturity of technology.
Bio-template method
Bio-template method, a process using original natural photonic structures as template directly is widely adopted to effectively prepare complex biomimetic microcosmic structures. Although suffering from the disadvantage of shading during infiltration process, CVD is reported to be able to replicate hierarchical structures and can control the thickness of the replicas in some extent. 57 And CVD is usually chemically flexible, a large number of inorganic replicas can be used. Slight creasing may occur due to the shrinkage during the process to remove the templates. In order to grow high-fidelity replicas, a technology known as CEFR, similar to CVD but with the template holder rotating at a high rate, was established. Generally, the fidelity of replication reduces enormously with thickness increases, but the CEFR replicas is able to grow thicker replication comparing to other thin-film growth methods without sacrifice in fidelity. 59 The low temperature and non-destructive atmosphere is another merit of CEFR to well-maintain the morphology of the template. For it's not very easy to precisely control the thickness through the amount of precursors and reaction time in the process or current and flux in CERF, ALD is a better alternative by keeping the different precursors apart before reaction. 52 By precise controlling the growth rate of every cycle to 0.075 nm, a series of replicas of amorphous TiO 2 with thickness of 10, 20, 30, 40, and 50 nm have been achieved. 58 In summary, bio-template method is a perfect alternative to well maintain the structures of natural photonics. Once a process was established, it is very easy to transfer the same process to other templates due to some material similarity between these templates. But due to the inherent size limit of the bio-templates, this method is extremely hard to be used for mass production.
Colloidal crystal method
Colloidal crystal, inspired from opal, is another promising method to obtain 3D ordered macroporous structure, which has been well summarized in some previous reviews. 75−78 Self-assembly of nano-particles is the most important step to obtain opal structure, but the materials of the opal structure are often limited to Silica and some polymers such as polystyrene (PS). Thus another process of using opal as template, was established to synthesis so-called inverse-opal (Figure 6 ), which includes three steps: starting with a self-assembled colloidal crystal as a template, followed by infiltrating the pores in the template with the material needed, and removing the template finally. Inverse-opal broadens its use to any other materials that can easily infiltrate the pores in template, but the structure of the template is usually limited to face ceter cubic (FCC) due to the self-assembled process.
Cell culture
Natural photonic structures have been reproduced on very small areas, and there is currently no technique to accurately manufacture these structures at a commercial level yet. Cell culture, utilizing the natural cells to produce these structures, will be a promising approach that would be able to produce natural photonic structures in large quantities, 3, 79 though many problems remain to be solved. In this method, culture medium has to be prepared in which cells adhere and thus the cell-cultured photonic structures can be induced. Parker and his co-workers 80 have made their first attempt to reproduce Morph wings via cell culture. They succeeded to reproduce the ridges of the wings (Figure 7 ), while they failed to obtain the completely structures. Besides butterflies, single-celled diatoms would be a better alternative for cell culture due its exponential growth in numbers 36, 81 and mild physiological conditions to achieve a high degree of complexity and hierarchical structure. 
Applications
The unique photonic properties of these structures make them a promising platform for many applications. Though these applications have not yet achieved in practical industry, a range of principles have been demonstrated for many applications.
82−88
Sensors
Two principles have been adopted to fabricate PC sensors, one is based on the intrinsic property of materials, in which the structure is created to enhance sensitivity and decrease the response time, 69 and the other is optical response to external stimuli, 82−84 which will be described in this review.
Distance and refractive index are two variables that can cause a change in optical spectrum. Thus, a change in the refractive index or an alteration of a single photonic unit cell caused by external stimuli, including solvents, vapors and chemicals, 89−92 humidity, 93 90 And elastomeric
PCs such as thermoplastic polyester elastomers, that can be reversibly tuned through compression and decompression under external forces, are often used as sensor for mechanical forces. 95−96 For temperature sensors, there are also two kinds of PCs, namely swelling and shrinking of polymer, and phase transition with changing temperature. 101, 110 Liquid crystal with specific orientation assembled into PCs, changes in the orientation of the liquid crystal caused by external electric filed leads to changes in average refractive index of the PC, resulting in changes in the spectrum. Some magnetic PCs have also been fabricated for responding to external magnetic field.
107−108, 111
However, there are always several external stimulus that can bring changes such as structural change or refractive-index change to the same components, which makes engineering responses that are specific to a certain stimuli more challenging. Thus, many efforts have been made to increase specificity, and two main strategies have been established. One is combing PCs with molecularly imprinted polymers, by which molecular-recognition sites, sensitive to the presence of a target molecule, are offered. 112−113 The other is assembling those with poor specificity to an array of sensors.
114−115
Solar cells
Better absorptivity of incident light is one of the most important factors to enhance the efficiency of a solar cell. Thus, like the moth eye, an ordered array of nanocone or nanopillar, shown great anti-reflection property, is assembled to solar to enhance absorbance. 85, 116−118 Fan et al. presented a novel dual-diameter Ge nanopillar structure (Figure 8a ) via template-guided synthesis, with a small diameter tip (60 nm) for minimal reflectance and a large diameter base (130 nm) for maximal effective absorption coefficient. 117 This enabled single-crystalline absorber material with a thickness of only 2 μm exhibits an impressive absorbance of ∼99% over wavelengths between 300−900 nm. Another strategy to enhance the efficiency of a solar cell may lie in the PCs which can display a wonderful light manipulation effect with periodic configurations. These periodic structures, ranging from 1D to 3D, can localize incident light within the photoanode of dye-sensitized solar cells (DSSCs) in a specific wavelength range that relies on the photonic band gap, which can be controlled to match the absorption band of the dyes. crystal layer. 3D PC has succeeded to be coupled to titania DSSCs (Figure 8d ) by the research team of Braun, 124 and such 3D-PC films increase the efficiency of the model titania DSSC system from 2.3 to 3.2%.
Displays
Self-assembly of colloidal nanoparticles has recently been proposed as active components of displays. As the photonic band gap (PBG) generated by colloidal crystals can be tuned by modulation of periodicity or/and refractive index contrast, based on which the displays can be generally realized through the manipulation of electric 125−128 or magnetic fields. 129 As revealed by Yang, 128 dynamic modulation of photonic band gaps in crystalline colloidal arrays is achieved by application of electric field. Highly charged polystyrene particles spontaneously create the crystal lattice, which is compressed or relaxed under external electric field by electrokinetic force. As a result, structural color of colloidal crystals can be tuned or fixed with unprecedentedly fast and precise manner and fantastic stability with maintaining the structure over 12,000 AC cycles, thus enabling a reflective mode display device to be capable of repeatedly changing the color of a pattern of characters with fast response and clear boundaries. Yin succeeded to prepare magnet-tunable photonic structures in alkanol solutions by assembling silica-coated Fe 3 O 4 colloids, which shows property of a fast, reversible, and tunable optical response to external magnetic fields, high stability, and convenient control of the working diffraction range by changing the silica shell thickness. 
Photonic paper
Based on the structural colors of PC, photonic papers are brilliant, free of glare in sunlight, and durable compared to the pigments and dyes. Unlike monitor-type displays, photonic paper may not necessarily require instant color change but some other properties such as color printing and rewritable inking. Yin and his colleagues prepared an environmentally friendly and inexpensive paper/ink system through the fast magnetic field-induced self-assembly of Fe 3 O 4 @SiO 2 colloids, 86 followed by a simultaneous UV curing process to fix the photonic structures inside the PEGDA matrix and hygroscopic salt solutions are used as inks to create a very durable contrast of diffraction colors on the paper due to the swelling of the polymer matrix. The ink marks can be easily erased by water. Yang and his colleagues has succeeded to prepare another type of paper/ink system, using water as ink, 87 by alternatively spin-coating PMMA and PNIPAM-co-PGMA films, combined with subsequent simultaneous UV and heating cross-linking processes.
Besides the applications discussed above, other applications, such as anti-counterfeiting, 130 photocatalysts, 88 have also been conceptually formalized and many efforts have been done in laboratory. But before industry production, there still will be a long way.
Conclusions and outlook
Photonic structures, ranging from 1D to 3D, are very widespread in nature, including not only animals and plants, but also some microorganisms and lifeless system. Learning from and inspired by nature, a series of methods, such as nano-patterning, bio-template, colloidal crystal template and cell culture etc., have established for fabricating artificial PCs. Nano-patterning has the advantage of obtaining a diversity of nanostructures, and bio-template can replicate natural photonic structures precisely with a facial process, and colloidal crystal template is easy to obtain 3D structures and cell culture is a promising method to mass production. Nevertheless, there is still a great challenge to industrially replicate or produce photonic structures. Thus, efforts to establish facile techniques to reproduce these photonic structures in a large scale will always be at the forefront. Additionally, the application of these photonic structures, such as sensors, solar cells displays and photonic paper, etc., is still demonstrated in lab, but based on which a range of principles have been demonstrated for many applications. Therefore, efforts to utilizing these photonic structures in practical industry would be another important point.
